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temperature, time and humidity were investigated to determine their influence on the
kinetics of dehydration/hydration of different hydration forms of calcium sulfate.
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1. Introduction
1.1 Structure and uses for different forms of calcium sulfate
There are at least five different types of calcium sulfate crystalline phases: calcium
sulfate dihydrate (CaSO4•2H2O) (the most commonly available mineral), calcium sulfate
hemihydrate (β and α CaSO4•½H2O), soluble anhydrite (γ-CaSO4) and insoluble anhydrite
(β-CaSO4).1 Calcium sulfate dihydrate and anhydrite are common types of sulfate
minerals formed from diverse origins. Varying conditions of heat, pressure and presence
of water results in the conversion of calcium sulfate hydration forms.2
Calcium sulfate dihydrate (CaSO4•2H2O), commonly referred as gypsum, is one
of the most commonly used materials in the construction of homes and offices.3 The word
gypsum is derived from the Greek word gypsos, which means “chalk” or “plaster”.
Gypsum was also referred to as spaerstan, “spearstone” due to its crystalline projections.4
Gypsum can be called selenite since it is found in nature as flattened and often twinned
crystals, and transparent, cleavable masses.4 It is also referred to as “satin spar” when
selenite is present in a silky, fibrous form. Another form of gypsum called alabaster, is a
very fine-grained or lightly tinted material that has been used by artists to produce statuary
for thousands of years.2, 4 Gypsum was formed when sea water was evaporated in massive
prehistoric basins. Its applications are wide spread in many fields like agriculture,
ceramics, dentistry, paints and construction. Gypsum has very unique properties such as
thermal and acoustic insulation; hence, it is used in the construction industry. Other special
properties of gypsum are moisture resistance, vapor control and impact resistance.5
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Figure 1. Represents a-Selenite, b-Alabaster, c-Satin spar and d-Anhydrite.6
Another form of calcium sulfate is calcium sulfate hemihydrate (CaSO4•½H2O).
The most common type of hemihydrate is bassanite, and it is available in two different
forms, alpha (α) and beta (β). Heating gypsum in the presence of a high vapor pressure
of water produces α-hemihydrate, whereas in the presence of atmospheric pressure it
produces β-hemihydrate.7, 8 In a water saturated atmosphere at temperatures above 97 °C
gypsum dissociates to form α-hemihydrate. β-hemihydrate can be obtained in vacuum at
2

100 °C. Both the forms of calcium sulfate hemihydrate are referred to as “plaster of
Paris,”6 and they can be cast into various moulds to form different solid shapes of
gypsum plaster when mixed with water.9
The hydration product of the α-hemihydrate is too brittle, so β-hemihydrate is
usually used in the construction industry.10 β-hemihydrate has many desirable features
including good fire resistance, low cost, and favorable fabrication features as well as
aesthetic and environmental friendliness. It is widely used as gypsum plasterboard
(drywall), which is used in ceilings or for interior walls.10
Anhydrite (CaSO4) is another form of calcium sulfate. The word anhydrite is
derived from Greek work “anhydrous” meaning “without water”.4 In the deposits of
gypsum, anhydrite is a common impurity that may occur as a primary depositional mineral
or the dehydration product of deeply buried gypsum. It may be seen as a marketable coproduct or as a contaminant based on hardness and density in comparison to gypsum. The
harder and denser anhydrite is usually treated as a contaminant, and it acts as an abrasive
to grinding and processing equipment when used in wallboards. As a co-product, quarry
run anhydrite or a blend of gypsum and anhydrite may be used as a Portland cement rock.
Based on the manufacturing process, the product obtained from gypsum, anhydrite and
the gypsum-anhydrite combination are used by the Portland cement manufacturers in a
variety of ways.7 The main purpose of the gypsum or anhydrite is to control the setting
time of the finished product in Portland cements.7
Anhydrite is commonly available in two forms: γ-anhydrite and β-anhydrite. γanhydrite is obtained by treating the synthetic calcium sulfate dihydrate in an oven at a
temperature of 110 °C for 2 weeks,11 or on heating calcium sulfate hemihydrate above
3

190 °C.12,13 γ- anhydrite can be rehydrated to form calcium sulfate hemihydrate at room
temperature (humidity ~ 5%).11
Calcium sulfate dihydrate at temperatures above 400 °C undergoes complete
dehydration and loses its water of crystallization (99.6 %) forming a dead burnt gypsum
(β-anhydrite). It has a similar formula to that of γ-anhydrite and is considered the nonreversible form of anhydrite. Dead burnt gypsum is relatively inert and insoluble.

Figure 2. Dehydration of calcium sulfate dihydrate.
Anhydrite has several high value added uses such as binder in agricultural
products, carrier for pesticides and herbicides and as a filler in thermoplastics such as
polyvinyl chloride (PVC) products. The filler provides acid resistance and low electrical
conductivity. It is also used in pharmaceutical products such as aspirin tablets.7
1.2 Calcium sulfate reaction chemistry
The water solubility of gypsum is moderate (~2.0-2.5 g/L at 25 °C), and it shows
a retrograde solubility where in the solubility becomes less at higher temperatures.2 Based
4

on availability of water, gypsum and anhydrite undergo repeated dehydration and
hydration reactions. When heated, gypsum will begin to thermally decompose into
metastable species.
When no free moisture is present, dry gypsum contains 20.9% water by weight
which is bound chemically in the crystal matrix. Upon heating, the free moisture present
is released and evaporated but may re-condense. On heating, the water of crystallization
is removed from gypsum in two endothermic reactions.9
Dehydration reaction 1:
Calcium sulfate hemihydrate is formed during this reaction. According to Melinge
and his coworkers, the reaction starts at 100 °C and ends at 120 °C.9, 14
CaSO4•2H2O

CaSO4•½H2O + 3/2H2O

reaction 1

Dehydration reaction 2:
Anhydrite is formed from calcium sulfate hemihydrate during this dehydration
reaction. This reaction is reported to occur at different temperatures in different studies.
Andersson and Jansson report a reaction temperature of 210 °C.15 Groves reported a
reaction temperature of 300 °C.7 In another study by Sultan, the reaction occurs at 600
°C,16 and Bakhtiary and his coworkers reported a peak temperature of 225 °C by using
differential thermal analysis.19
CaSO4•½H2O

CaSO4 + ½H2O

reaction 2

The structure related to the CaSO4-H2O system phases is mainly based on the
chains of alternating edge sharing SO4 tetrahedra and CaO8 dodecahedra extending along
the C direction.17 CaSO4-H2O phase transitions play an important role for the application
of the CaSO4 based materials, and a detailed knowledge of the conditions and mechanisms
5

related to the phase transitions is required. Thermal dehydration of these hydration forms
is mainly studied as a function of temperature and partial pressure of water (PH2O) with
several experimental techniques.1,18 Earlier works have reported that calcium sulfate
dihydrate undergoes a two-step process, CaSO4•2H2O to CaSO4•½H2O and then onto
CaSO4. However, it is also reported that CaSO4•2H2O directly forms CaSO4 by losing the
water of hydration and on rehydrating, the anhydrite forms calcium sulfate dihydrate from
the reversible form of anhydrite.1,18 CaSO4•2H2O follows the two-step process at a certain
partial pressure of water; whereas, it follows a one-step process at a negligible partial
pressure of water.1,18 Based on the rate controlling factor such as temperature and partial
pressure of water in solid state decomposition reactions, many gypsum dehydration
mechanisms have been proposed such as diminishing sphere or diminishing plate,
nucleation and growth, phase boundary, autocatalytic nucleation and diffusion kinetic
mechanism.18
1.3 Dehydration of calcium sulfate
The dehydration process of gypsum involves three steps. They are20
1. Hydrate bonds with water molecules participating break.
2. Water molecules diffuse through the crystals.
3. Water molecules are transported from pore spaces to purge gas.
In the presence of air, gypsum loses its water of hydration when heated and when
the vapor pressure of the hydrate exceeds the partial pressure of the water vapor in contact
with it.21 Under normal conditions, the temperature at which dehydration takes place
depends on the partial pressure of the water vapor in air. By lowering the partial pressure
of the water vapor in air, the dehydration temperature can be lowered because the air is
6

not saturated with water vapor.22 Sometimes exposure to tropical sunrays causes
dehydration to occur and leads to loss of water of crystallization.7
1.4 Kinetics of calciums sulfate
In a solid state reaction, the rate of progress is a function of three major variables:
the reaction rate constant k(T), which expresses the temperature dependence ; the reaction
model function f(α), which expresses the conversion fraction dependence; and pressure
h(P), which expresses the pressure dependence .23 This can be represented as
d(α)/d(T) = k(T)f(α)h(P)

Equation 1

In the case of closed crucibles, as in differential scanning calorimetry or
thermogravimetric analysis measurements, it is difficult to monitor the effect of the partial
pressure of gas phase reactants and/or products because the partial pressure is higher
inside the crucible compared to outside. The effect of h(P) is not measured and the above
equation is given as
d(α)/d(T) = k(T)f(α)

Equation 2

From the Arrhenius equation k(T) = Ae- (Ea/RgT) so the above equation can be given as23
d(α)/d(T) = Ae- (Ea/RgT) f(α)

Equation 3

Where
A = Pre-exponential factor
Ea= Activation energy
f(α)= Reaction model
α= Conversion fraction of reaction
Rg= Universal gas constant
7

In the past, most of the studies considered the dehydration process of gypsum and
the activation energies as a function of temperature as well as the partial pressure of water.
Numerous activation energies have been reported in the range of 60 to 500 kJ/mol by
Strydom.24 Ballirano and Melis have proposed that dehydration of gypsum takes place in
three different stages that have different activation energies.25 Ball and Norwood have
studied the kinetics of dehydration of gypsum between 80 °C and 152 °C and in the water
vapor partial pressure range of 1.3×10-7 to 6×10-1 kPa range.26 They have reported values
in the range of 36 kJ/mol (diffusion) to 246 kJ/mol (nucleation).
1.5 Calcium sulfate diffraction data
Based on the crystal structure, gypsum and anhydrite can be differentiated since
gypsum forms monoclinic crystals with a perfect {010} cleavage and distinct cleavages
along {100} and {101}; whereas, anhydrite forms orthorhombic crystals with perfect
cleavages along {100} and {010} and good cleavage along {001}. Also, gypsum has a
lower hardness (2.0 Mohs) and specific gravity (2.24) in comparison to anhydrites
hardness (3.7 Mohs) and specific gravity (2.97).2
The lattice structure of monoclinic gypsum is changed to orthorhombic during the
dehydration process to calcium sulfate hemihydrate. The volume shrinks by 29%, as the
124 cubic angstrom volume of the gypsum unit cell is changed to 88 angstrom for the
hemihydrate unit cell and the density increases from 2.31 g/cm3 to 2.73 g/cm3.20,27
β-anhydrite is crystalline with α-anhydrite having a higher energy and smaller
crystals.6 Hemihydrate to β-anhydrite causes practically no variation in structure except
the release of 0.5 water molecules and density (Dx) decreases from 2.73 g/cm3 to 2.53
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g/cm3 due to release of water.20 The hemihydrate is zeolitic in nature as it loses and regains its water of hydration without change in crystal structure.28
1.6 Equilibrium curve of calcium sulfate water system
An equilibrium curve is obtained based on the results of Partridge and White,22
Hulett and Allen,29 Melcher,30 and Cavazzi.31 In Fig. 3, temperature is shown on the Xaxis and concentration of CaSO4 in parts per million of solution on the Y-axis. From this
equilibrium curve the transition temperature between the calcium sulfate forms in contact
with water are obtained and shown in Table 1. The hemihydrate shows no intersection
with anhydrite in the temperature range from 0 °C to 200 °C. Also, it is observed that
gypsum below 38 °C is a stable solid phase in contact with water and anhydrite is a stable
solid phase above 38 °C. In contrast, hemihydrate in contact with water is a unstable solid
phase across the temperature range from 0 °C to 200 °C because it rehydrates to dihydrate
in contact with water below 98 °C, and above this temperature it dehydrates to form
anhydrite.

9

Figure 3. Equilibrium diagram of calcium sulfate-water.22
Table 1. Transition temperature range.22
Transition state

Equilibrium temperature (°C)

Gypsum- anhydrite

38

Gypsum- hemihydrate

98
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1.7 Industrial Gypsum processing
Gypsum processing can be divided into three basic steps:
i)

Rock processing

ii)

Calcining

iii)

Formulation and manufacturing

Rock processing
Gypsum rock obtained from the mine is exposed to primary crushing which can
be accomplished by using gyratory, jaw, roll, or impact crushers, based on the size of the
mine run rock and type of processing. This is followed by secondary crushing by using
standard units such as hammer mills, roll-type and cone-type crushers. Based on the size
of the mine rock, drying may be done before or after the secondary drying to ensure the
removal of free moisture. It can be accomplished in rotary dryers and is temperature
controlled at 49 °C because at this point disassociation of the combined water takes
place.3,4,31
Calcining
Calcination is a process where the dihydrate form of calcium sulfate loses its water
of hydration to form the calcium sulfate hemihydrate and anhydrite based on different
parameters such as temperature, vapor pressure, and particle size. In the very early days,
calcination of gypsum was achieved in open environments. Later, more sophisticated
techniques were developed based on the end use of the gypsum.3
At a temperature of 49 °C, gypsum starts to lose its water of crystallization during
calcination. With an increase in temperature, the water of crystallization is released as
steam, and at 112 °C to 116 °C gypsum loses its water of crystallization more
11

vigorously.3,25,32 At this point gypsum particles are dehydrated to the hemihydrate form
because it contains 5% to 6% of water compared to 20.9% of the initial total mass. This
is referred as first-settle stucco and approximately 75% of the water of crystallization is
lost. In industry, settle is referred as formed and stucco is referred to as calcium sulfate
hemihydrate. By increasing the temperature further up to 177 °C, gypsum again starts to
give off steam. It is less vigorous than the first-settle stucco because the water of
crystallization is less. This is referred to the second-settle stuccoand differs from firstsettle stucco, as it has more affinity for moisture and is utilized as a desiccant. Secondsettle stucco, after rehydration, has greater strength and density. At a temperature of 210
°C, the batch material loses all its water of crystallization.4
Formulation and manufacturing
Stucco undergoes additional processes such as cooling, grinding, mixing with
additives, rehydrating, and casting into block or wallboard.3,32 Stucco is a mixture of
calcium sulfate particles in its varying states of dehydration such as dihydrate,
hemihydrate and anhydrite. To the calcined product, additives such as fibers and or
aggregates are added to improve its utility. Retarders made from organic compounds are
used to improve the setting time (2 hr) of the gypsum products because the setting time of
the gypsum products is very short (15-25 min). Accelerators such as potassium sulfate
and/or natural or synthetic salts are sometimes used to accelerate the setting time. Based
on the appropriate use of additives gypsum wallboard composition can be produced with
desirable properties.4,25
According to Freyer and Voigt14 and Ballirano and Melis,25 α-hemihydrate is
formed in acidic environments from the dehydration of gypsum or at hydrothermal
12

conditions in the presence of electrolytes, whereas at low water vapor pressure and
temperatures over 200 °C, β-hemihydrate is formed from the dehydration of gypsum. At
low relative humidity conditions, β-hemihydrate is formed from the rehydration of γanhydrite.
According to Mehafffey and coworkers,27 all the chemically combined water is
released between 100 °C and 160 °C. Wakili et al.28 have reported the temperature to be
around 150 °C to 300 °C at a heating rate of 20 °C/min. Yu and Brouwers33 have reported
that it takes place around 80 °C and 270 °C for a 20 °C /min ramp rate and 80 °C and 180
°C for a 5 °C/min heating rate. This variation in final temperatures may be because the
amount of energy needed for dehydration based on temperature and heating duration. At
atmospheric pressure and temperatures above 70 °C, gypsum forms calcium sulfate
hemihydrate (CaSO4•½H2O).3
1.8 Calcium sulfate fire resistance properties
Gypsum is used in construction industries mainly because of its fire resistance
property, which in turn is due to its dehydration reaction.18,28 Because dehydration is an
endothermic reaction that consumes a lot of energy, the chemically bonded water is
released as hot vapor in gypsum, reducing the heat transfer from the fire exposed surface
of gypsum wallboard to the cold side.18,35 In terms of fire protection, the dehydration
reaction of gypsum wallboards extends the evacuation time of the building by
considerably slowing down the temperature rise on the cold side of wallboard.18,35 Based
on the purity or percentage of calcium sulfate in gypsum wallboards, the time required for
movement of fire from the hot side to cold side varies in different gypsum wallboards.18
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Figure 4. Gypsum wallboard fire resistance.38
According to Shepel and his coworkers, vapor transport in gypsum wallboards
exposed to fire plays a crucial role in reducing the spread of fire.35 The parameters
effecting the vapor pressure are pore spaces in the gypsum wallboards and the paper that
lines the gypsum.18, 35 Wakili et.al have reported the presence of additives such as
CaCO3 and MgCO3 have increased the fire resistance time.18

14

2. Material and Methods
Powders of synthetic analytical grade anhydrite, CaSO4 (Alfa Aesar – 99% pure),
calcium sulfate hemihydrate, CaSO4•½ H2O (Acros organics –97% pure) and calcium
sulfate dihydrate (gypsum) CaSO4•2H2O (Acros organics – 98% extra pure) were used for
the experiments. Nano pure water was used for mixing these powders to prepare a lab
scale gypsum wallboard composition.
2.1 Preparation of gypsum slurry
Gypsum slurries were prepared by treating 8.0 grams of the calcium sulfate
hemihydrate with 80 mL of nano pure water. The mixture was mixed thoroughly by using
a stirrer and immediately passed through a vacuum filter for the separation of the solid
material. The material was processed in airin and oven at different temperatures from 140
°C to 450 °C for further studies.
2.2 Thermogravimetric Analysis
Thermogravimetry is an analytical technique that measures the change in mass of
a substance as it is subjected to a controlled temperature program. Mass is measured in
relation to time and temperature. Thermogravimetry is also referred to as
thermogravimetric analysis or TGA. The data obtained in thermogravimetry is represented
graphically either in weight or weight percent of the original sample remaining versus
temperature (or time). This graphical representation is referred to as a TG thermal curve.22
The TGA instrument used in this study was a TA Instruments Q5000 TGA.
Various experiments were conducted using the instrument in the temperature range of 25
°C to 1000 °C at different heating rates and different flow rates of gas. These experiments
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were repeated using crimped DSC pans to study the differences in results between an open
system and a closed system.
2.3 Vapor Sorption Analysis
Vapor sorption analysis is a method of utilizing varying conditions of humidity
and temperature on a sample. The effects are measured gravimetrically. It is important to
understand the effects of water content on structure and properties because it is useful in
the development, processing, and the final output of the sample.
In order to study the effect of varying amounts of humidity and different
temperature ranges, we have used the TA Instruments Q5000SA sorption analyzer. It has
a high sensitivity thermobalance along with a humidity control chamber and an auto
sampler. Humidity ranges of 0% to 85% and temperatures of 25 °C to 75 °C were used in
this experimentation with isothermal holds of 60 min to 24 hr.
2.4 X-ray Diffraction
X-ray diffraction is a method used for determination of structure and fingerprint
characterization of crystalline materials. All crystalline solids have a unique characteristic
X-ray powder pattern that may be used as a fingerprint for its identification. After the
sample has been identified, its structure can be determined by using X-ray
crystallography.
A Thermo ARL X-ray diffractometer was used to study the X-ray diffraction
patterns operating in the θ-θ geometry. This instrument is verified by using a quartz
crystal. Powders of the samples were used for the analysis on XRD. Data were collected
in the 3° to 120° 2θ angular range using Cu-Kα radiation. Normal condition ranges for the
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analysis were 40 kV, 40 mA and the time range of the scan varied from 15 min to 8 hours
for all the samples.
2.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is used to produce a highly magnified image
of the sample by using electrons instead of light. At the top of the microscope a beam of
electrons is produced by an electron gun. This beam of electrons passes through the
microscope, which is held within a vacuum in a vertical path as shown in Fig. 5.23
The movement of the beam is manipulated through electromagnetic fields and

Figure 5. SEM mechanism.23
lenses, which focus the beam down toward the sample. Once the beam reaches the sample,
electrons and X-rays are released from the sample.23
A JEOL JSM-5400LV scanning electron microscope was used in this study.
Imaging was done with a backscatter electron detector in compositional mode. In this
mode, heavier elements appear brighter in the image than lighter elements. Samples were
viewed in a LV or low vacuum mode. The elemental composition of different parts of the
samples were determined using an IXRF Systems energy dispersive X-ray spectrometer.
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3. Results and Discussion
3.1 Dehydration studies of calcium sulfate hydration forms using TGA
3.1.1 Dehydration products of calcium sulfate hydration forms
In this current study, a TGA Q5000 was used to study the variation of mass of
sample when subjected to temperature change. Initially calcium sulfate dihydrate was
heated in the presence of air up to 1000 °C at 10 °C/min to learn about the temperature
range required for the dehydration of calcium sulfate dihydrate to anhydrite. In Fig. 6 the
X-axis indicates the time, the left Y-axis indicates the weight percentage (Wt. %), the right
Y-axis indicates the derivative weight (%/min), and the middle Y axis represents the
temperature (T). The maximum rate of mass loss or the derivative thermogravimetric
(DTG) peak of calcium sulfate dihydrate from the Fig. 6 is at 133 °C and that of calcium
sulfate hemihydrate from Fig. 7 is at 104°C. Fig. 8 shows the TGA data of anhydrite. It
shows a weight loss of 1.7%, which may be from impurities present in the sample. In a
narrow range of temperature, calcium sulfate dihydrate breaks down thermally in two
serial processes, either one or two DTG peaks are shown, with anhydrite finally being
obtained. Water is the volatile matter which is lost in 3:1 ratio according to the
stoichiometry of the reactions involving the conversion of dihydrate to hemihydrate and
then hemihydrate to anhydrite. Fig. 6 shows only one dehydration step of calcium sulfate
dihydrate. This could be because the activation energy of first reaction is higher than or
the same as the activation energy of the second, or it could be because the partial pressure
of water vapor is negligible, making the intermediate state of calcium sulfate hemihydrate
not observed.
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Figure 6. TGA data of calcium sulfate dihydrate.

Figure 7. TGA data of calcium sulfate hemihydrate.
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Figure 8. TGA data of calcium sulfate anhydrite.
3.1.2 Study of calcium sulfate dihydrate dehydration at different final temperatures
Fig. 9 shows the overlay of TGA data of calcium sulfate dihydrate (CaSO4•2H2O)
at 10 °C/min for final temperatures of 1000 °C, 800 °C, 600 °C, 400 °C, 200 °C, and 150
°C. This was done to determine the final temperature at which dehydration completes.
Table 2 shows the DTG peak temperatures, peak max time, and the final weight loss of
the sample. Increasing weight loss percentage was observed with increasing final
temperature. DTG peak temperatures were observed in the range of 125 °C to 130 °C for
all final temperatures because the heating rate of the sample was same. Further, a narrow
range of variation in weight loss and DTG peak temperature was observed. Generally,
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heating rate, mass of the sample, particle size, time of heating, and compactness of the
sample affects the dehydration temperature of calcium sulfate dihydrate.37

Figure 9. Overlay TGA data of calcium sulfate dihydrate at different final temperatures.
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Table 2. Temperature, time and wt. loss data of calcium sulfate dihydrate at different
final temperatures.
Final Temperature

Final Wt. loss

DTG peak temperature

DTG peak time

(°C)

(%)

(°C)

(min)

150

19.9

125

15

200

20.2

130

16

400

20.4

128

16

600

20.5

127

16

800

20.5

127

15

1000

20.6

127
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3.1.3 Study of calcium sulfate dehydration by using different heating rates.
Fig. 10 shows the overlay TGA data of calcium sulfate dihydrate at 5 °C/min, 10
°C/min and 20 °C/min for final temperatures of 1000 °C. This was done to determine the
effect of different heating rates on the dehydration of calcium sulfate dihydrate. Table 3
shows the heating rate, DTG peak temperatures, peak max time, and the final weight loss
of the sample. It was observed that the higher the heating rates the higher the DTG peak
temperature, as shown in Table 3. In case the heating rate of 5 °C/min, it was observed
that DTG peak shifted to a lower temperature, at which maximum mass loss was seen in
relation to higher heating rates. This may be due to the exposure of the sample to the same
temperature for a longer duration of time. Also, the lower heating rate had a higher weight
loss percentage in comparison to higher heating rates.
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Figure 10. TGA data of calcium sulfate dihydrate at different heating rates.
Table 3. TGA data of DTG peak, peak max time, weight loss %.
Heating Rate

Final Wt. loss

DTG peak temperature

DTG peak time

(°C/min)

(%)

(°C)

(min)

5

21.1

122

23

10

20.2

132

16

20

20.1

154

12

To check for the reproducibility of the results, standard deviation for all the temperature
ranges were calculated as shown in Table 4. Two experimental results were considered
for these calculations i.e. N= 2
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Table 4. Standard deviation for the peak DTG and mass loss.

Mean and standard

Mean and standard

Mean and standard

deviation of final

deviation of DTG peak

deviation of DTG

weight loss (%)

temperature (°C)

peak time (min)

5

20 + (1)

122 + (3)

23+ (1)

10

20 + (1)

132 + (3)

16+ (1)

20

20 + (1)

154 + (3)

12+ (1)

Heating
Rate(°C/min)

In order to accept or reject the above hypothesis that the DTG temperatures are
different for different heating rates, we have performed hypothesis testing. A standard ttest was performed because the number of replicates was small. In this case we have
considered DTG peak temperatures for 5 °C/min and 20 °C/min for the t-test. The
observed t-value (16.4) was more than t-crtical value (4.3). According to the null
hypothesis, because t-observed is more than t-critical, it fails the null hypothesis, and we
can say that the DTG peak temperatures were different for these heating rates.
Fig. 6 shows that calcium sulfate dihydrate follows a one step process and forms
the anhydrite directly. Because we were interested in generating the calcium sulfate
hemihydrate, which is mostly used in the preparation of gypsum wallboards, we have
regulated our study to a final temperature of 200 °C and a standard heating rate of 10
°C/min based on weight loss percentages as observed in Fig. 9. By regulating the
temperature and heating rate we can control the final output.
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3.1.4 Dehydration studies of calcium sulfate dihydrate
Fig.11 shows the TGA data for calcium sulfate dihydrate when heated at 10
°C/min up to 200 °C. In this the DTG peak temperature was observed at 131°C and the
maximum mass loss observed was 20.2%. This mass loss is in the range of stoichiometric
mass loss conversion of calcium sulfate dihydrate to anhydrite.

Figure 11. TGA data of calcium sulfate dihydrate at 200 °C.
3.2 Heat-cool isothermal studies of calcium sulfate dihydrate
Fig.12 shows the TGA data of calcium sulfate dihydrate at 10 °C/min to 200 °C
and then having an isothermal hold at 25 °C for 60 min. Initially in this, the calcium sulfate
dihydrate loses water of crystallization by heating at 10 °C/min up to 200 °C and forms
anhydrite. Then by cooling it to 25 °C and having an isothermal hold at 25 °C for 60 min,
it was observed that anhydrite rehydrates and increases its residual weight %. Initially it
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loses the weight of 20.1%, which corresponds with the theoretical values of dehydration
of calcium sulfate dihydrate to anhydrite, and then shows a weight gain of 3.4% thereafter,
accounting to 83.3% residue. The DTG peak temperature of maximum mass loss was
observed at 135 °C.

Figure 12. TGA mass loss-mass gain curve for calcium sulfate dihydrate.
The partial rehydration of the anhydrite was confirmed by having longer
isothermal holds of 120 min and 240 min at 25 °C after the initial rise to 200 °C, It was
found that the residual percentage of the sample was increased up to 85%. From the
stoichiometry of reaction 1, it can be said that the final residual percentages correspond
with the hemihydrate composition, so it can be inferred that calcium sulfate hemihydrate
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can be obtained by having freshly dehydrated calcium sulfate dihydrate remain in the same
humid environment of dehydration at 25 °C for a reasonable time.
Fig.13 shows the overlay TGA data of the calcium sulfate dihydrate dehydration
and its increasing residual weight percentages at isothermal holds of 60, 120 and 240 min.
Table 5 shows the relative percentages of the initial weight loss, weight gain and residual
percentages of sample at isothermal holds of 60, 120 and 240 min.

Figure 13. Overlay TGA data of calcium sulfate dihydrate at 60, 120 and 240 min of
isothermal holds at 25 °C after initial dehydration at 200 °C.
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Table 5. TGA data at isothermal 60, 120 and 240 min.
Time of isothermal
holds at 25 °C

Initial Wt. loss
(%)

Weight gain at 25
°C (%)

Residual Weight
(%)

60 min

20.1

3.4

83.3

120 min

20.3

4.0

83.7

240 min

20.3

5.0

84.7

To check for the reproducibility of results for different isothermal durations,
standard deviation was calculated as shown in Table 6. Two different results were
considered for these calculation i.e. N=2.
Table 6. Standard deviation for the weight loss, weight gain and residual percentage.
Time of
isothermal
holds at 25 °C

Mean and standard
deviation of initial
Wt. loss (%)

Mean and standard
deviation of weight
gain at 25 °C (%)

Mean and standard
deviation of residual
Weight (%)

60 min

20+ (1)

3.6+ (0.3)

83+ (1)

120 min

20+ (1)

4+ (1)

83+ (1)

240 min

20+ (1)

5+ (1)

85+ (.2)

In order to accept or reject the hypothesis that the residual weight gain percentages
are the same, we have performed hypothesis testing. A standard t-test was used because
the number of replicates were small. The observed t-value (1.4) was less than t-crtical
value (4.3). Because t-observed is less than t-critical, it passes the null hypothesis, and we
can say that the residual weight gain percentages were not different for different
isothermal times.
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Figure 14. TGA mass loss-mass gain curve for calcium sulfate dihydrate.
There was an observed weight gain of residual percentage, as the sample was being
exposed to 25 °C temperature for a longer period of time after initial rise to 200 °C. The
weight gain percentage was observed until the anhydrite rehydrates to hemihydrate and
this was confirmed by having a longer isothermal hold of 720 min at 25 °C as shown in
the Fig.14. In this the anhydrite is not a dead burnt gypsum because it rehydrates to form
the hemihydrate. At the lower temperature, no structural modifications of hemihydrate to
anhydrite take place.9 Hence, anhydrite was not stable and rehydrates to hemihydrate.
3.2.1 Heat-cool isothermal studies of calcium sulfate dihydrate at different final
temperatures.
The dehydration products of gypsum is dependent on temperature, pressure and
flow rates. Calcium sulfate dihydrate dehydration was studied after exposure to different
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terminal temperatures. Fig.15 shows the overlay of TGA data of calcium sulfate dihydrate
at 10 °C/min to different final temperatures of 200 °C, 250 °C, 300 °C, 350 °C, 400 °C,
450 °C and 500 °C and then by cooling to 25 °C with an isothermal hold at 25 °C for 240
min. Table 7 shows the weight gain and residual percentage of the same. It was observed
that no re-gain in the residual percentage of the sample was observed at temperatures
above 400 °C. This is likely due to the fact that calcium sulfate dihydrate forms the
irreversible form of anhydrite above 400 °C.

Figure 15. Overlay TGA data of calcium sulfate dihydrate at different final temperatures.
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Table 7. TGA data containing weight gain and residual percentages.
Final Temperature

Weight gain

Residue

(°C)

(%)

(%)

200

4.0

83.1

250

2.1

81.8

300

2.1

81.4

350

1.0

80.7

400

0.9

80.3

450

0.2

79.5

500

0.1

79.4

To check for the reproducibility of results for different final temperatures, standard
deviation was calculated as shown in Table 8. Two different results were considered for
these calculation i.e. N=2
Table 8. Standard deviation of weight gain and residue.
Final
Temperature

Mean and standard deviation of
weight gain

Mean and standard deviation
of residue

(°C)

(%)

(%)

200

4+ (1)

83+ (1)

250

2+ (1)

81+ (1)

300

2+ (1)

81+ (1)

350

1+ (1)

80+ (1)

400

0.5+ (0.4)

80+ (1)

450

0.2+ (0.1)

80+ (0.5)

500

0.1+ (0.1)

79+ (0.2)
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In order to accept or reject the hypothesis that the dead burnt anhydrite is formed
at and above 400 °C, we have performed hypothesis testing. A standard t-test was
performed because the number of replicates was small. The observed t-value (8.6) was
more than the t-crtical value (4.3) for the mean weight gainbetween 200 °C and 500 °C,
whereas t-observed (2.6) was less than t-critical (4.3) for the comparison between 400 °C
and 500 °C. This shows that the mean weight gain is different between 200 ° and 500 °
and the same between 400 °C and 500°, indicating a different form (dead burnt) is present
at 400 °C.
3.2.2 Heat-cool isothermal studies of calcium sulfate dihydrate at different heating
rates.
Dehydration of calcium sulfate was studied at different heating rates. Fig. 16
shows the TGA data for calcium sulfate dihydrate at different heating rates of 2, 4, 6, 8
and 10 °C/min to a terminal temperature of 200 °C followed by cooling to 25 °C with an
isothermal hold at 25 °C for 60 min. Table 9 shows the weight gain, residual percentage,
peak max time and peak max temperatures of the same. It was observed that as the heating
rate increases the DTG peak temperature shifts to a higher temperature and the DTG peak
max time decreases. The residual percentages of the reaction increased with an increase
in heating rate. Maximum weight gain was observed with 10 °C/min rise in temperature
with an isothermal hold at 25 °C for 60 min.
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Figure 16. Overlay TGA data of calcium sulfate dihydrate at different heating rates.
Table 9. TGA data containing weight gain and residual percentages at different heating
rates.
Heating Rate

Residue

Peak max temperature

(°C / Min )

(%)

(°C)

2

80.4

110

4

80.4

123

6

81.2

126

8

81.9

130

10

83.0

142
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To check for the reproducibility of results for different final temperatures, standard
deviation was calculated as shown in Table 10. Two different results were considered for
these calculation i.e. N=2
Table 10. Standard deviation of residue and DTG temperatures.

Heating Rate
(°C / Min )

Mean and standard
deviation of residue
(%)

Mean and standard deviation
of peak max DTG
temperature
(°C)

2

80+ (0.5)

110+ (3)

4

80+ (0.5)

123+ (3)

6

81+ (1)

126+ (2)

8

81+ (1)

130+ (3)

10

83+ (1)

142+ (2)

Calcium sulfate dihydrate dehydration undergoes first order kinetics because
calcium sulfate dihydrate directly forms anhydrite in this reaction. Using ASTM E1641
method, the activation energy required for the conversion of calcium sulfate dihydrate to
anhydrite was calculated. In this method, the sample was heated at a series different
heating rates of 2, 4, 6, 8 and 10 °C/min through their decomposition region. The mass
was recorded continuously as a function of temperature. From the resultant mass loss
curves, the temperature for constant conversion was determined. The Arrhenius activation
energy was then determined from a plot of the logarithm of heating rate versus the
reciprocal of absolute temperature at constant conversion. Table 11 shows the activation
energy, half-life temperature and log (pre-exponential factor) required for initial
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conversion to the final conversion of calcium sulfate dihydrate to anhydrite. Activation
energy of 125.5 kJ/mole is required for the complete conversion of calcium sulfate
dihydrate to anhydrite.
Table 11. Activation Energy of conversion.
Log
Activation Energy

60 min Half-Life

Conversion %

[Pre-exponential
kJ/mole

Temp (°C)
Factor 1/min]

6.25

126.8

17.01

74.74

12.5

132.4

17.59

80.9

25

130.1

17.22

81.6

50

133.4

17.71

81.4

100

125.5

16.56

81.3

3.2.3 Heat-cool isothermal studies of calcium sulfate dihydrate at different flow rates.
Fig. 17 shows the TGA data of calcium sulfate dihydrate at different flow rates of
nitrogen. The total flow rate of gas in TGA instrument is the sum of the gas flowing
through the sample plus the amount of gas flowing through the balance. Total flow rates
of 20, 40, 60, 80 and 100 mL/min were chosen with the gas flowing through the balance
at 20 mL/min for all the experiments. Table 12 shows the DTG peak temperature, weight
gain and residual percentages of calcium sulfate dihydrate at different flow rates of
nitrogen. It was observed that with increase in flow rates of nitrogen the residual weight
gain percentages of the sample were reduced and that the residual percentage for 100
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mL/min flow rate of nitrogen was lowest. Also with increase in flow rate, the DTG peak
temperature was decreased and the time for the dehydration increased.

Figure 17. Overlay TGA data of calcium sulfate dihydrate at different flow rates of
nitrogen.
Table 12. TGA data containing weight gain and residual % at different flow rates of
nitrogen.
Flow rates of N2

Residue

(mL/min)

(%)

Peak max temperature
(°C)

20

80.6

136

40

80.3

134

60

80.2

131

80

79.9

128

100

79.0

124
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To check for the reproducibility of results for different final temperatures, standard
deviation was calculated as shown in Table 13. Two different results were considered for
these calculation i.e. N=2
Table 13. Standard deviation of residue and DTG temperature.
Flow rates of
N2

Mean and standard
deviation of residue

(mL/min)

(%)

Mean and standard deviation of peak
max temperature DTG
(°C)

20

80+ (1.1)

136+ (3)

40

80+ (0.2)

134+ (2)

60

80+ (0.2)

131+ (3)

80

80+ (0.3)

128+ (3)

100

79+ (1)

124+ (2)

In order to accept or reject the hypothesis that the DTG peak max is different for
different heating rates, a t-test was performed . A standard t-test was used because the
number of replacates was small. In this case we observed the t-value (5.2) was more than
t-crtical value (4.3), showing that the DTG peak temperatures were different for different
two flow rates compared.

3.3 Heat-cool isothermal studies of calcium sulfate dihydrate using crimped DSCpans.
An experiment can be carried out in the presence of an inert or reactive
atmosphere. For characterizing materials, changes in atmosphere are taken into account.
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For example, in and open type of crucible the vapor pressure of the gaseous product is
low because of the use of a flow of gas inside the furnace and near the pan. The gaseous
products are removed, and the temperature of decomposition is diminished. However, in
the case of closed crucibles, the atmosphere generated by the chemical reaction is confined
to the crucible where an increase in vapor pressure is generated, and the temperature of
decomposition increases.38
Fig. 18 shows the TGA data of calcium sulfate dihydrate in crimped DSC pans
heated at 10 °C/min from room temperature up to 200 °C. It was observed that a standard
weight loss of 20.2% was observed with no gain in residual weight after initial dehydration
as observed in the absence of crimped DSC pans. It was also observed that two different
DTG peaks were obtained. It can be inferred that in closed crucibles, an increase in vapor
pressure increases the temperature of dehydration as the DTG peak temperature is 144 °C
for the first reaction and 174 °C for the second reaction. It was further noted that both
reactions cannot be separated totally since the end-set temperature (the temperature at
which the event is considered as finished) of the first dehydration and the on-set
temperature (the temperature at which the event has begun) of the second dehydration
were overlapped. Because the vapor pressure of the inside crucible is higher than the
outside environment, no residual weight gain was observed.38
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Figure 18. TGA data of calcium sulfate dihydrate with standard pan at 200 °C
Dehydration of calcium sulfate in crimped DSC pans was studied at different
heating rates. Fig. 19 shows the TGA data of calcium sulfate dihydrate in crimped DSC
pans at different heating rates of 2, 4, 6, 8 and 10 °C/min to a terminal temperature of 200
°C. Table 14 shows the peak max temperatures of the two DTG peaks. It was observed
that as the heating rate increases, the DTG peak temperature shifts higher and the DTG
peak max time decreases.
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Figure 19. Overlay TGA data of calcium sulfate dihydrate at different heating rates using
crimped pans.
Table 14. TGA data containing weight gain and residual percentages at different heating
rates.
Heating Rate

1st Peak max temperature

2nd Peak max temperature

(°C / Min )

(°C)

(°C)

2

121

142

4

132

159

6

136

164

8

142

167

10

144

174
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To check for the reproducibility of results for different final temperatures, standard
deviation was calculated as shown in Table 15. Two different results were considered for
these calculation i.e. N=2
Table 15. Standard deviation of DTG temperatures.
Heating Rate
(°C / Min )

Mean and standard
deviation of 1st Peak max
temperature
(°C)

Mean and standard deviation
of 2nd Peak max temperature
(°C)

2

121+ (2)

142+ (2)

4

132+ (3)

159+ (3)

6

136+ (2)

164+ (2)

8

142+ (2)

167+ (2)

10

144+ (3)

174+ (3)

Calcium sulfate dihydrate dehydration in presence of crimped DSC pans shows
two different DTG peaks though they are not completely separated. This is because the
end-set temperature of first peak corresponds with the on-set temperature of the second
peak. In this reaction calcium sulfate dihydrate forms hemihydrate first and then
immediately converts to anhydrite. Using the ASTM E1641 method, the activation energy
required for the conversion of calcium sulfate dihydrate to anhydrite was calculated. In
this method, the sample was heated at a series of five heating rates of 2, 4, 6, 8 and 10
°C/min through their decomposition region. The mass was recorded continuously as a
function of temperature, and from the resultant mass loss curves, the temperature for
constant conversion was determined. The Arrhenius activation energy was then
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determined from a plot of the logarithm of heating rate versus the reciprocal of absolute
temperature at constant conversion level. Table 16 shows the activation energy, half-life
temperature and log (pre-exponential factor) required for initial conversion to the final
conversion of calcium sulfate dihydrate to anhydrite. Activation energy of 91.6 kJ/mole
is required for the complete conversion of calcium sulfate dihydrate to anhydrite.
Table 16. Activation energy of samples.
Log
Activation Energy

60 min Half-Life

Conversion %

[Pre-exponential
kJ/mole

Temp (°C)
Factor 1/min]

6.25

74.1

7.98

117.0

12.5

75.9

8.34

112.7

25

91.1

10.53

108.3

50

89.1

10.39

104.3

100

91.6

10.88

100.0
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Fig. 20 shows the TGA data for calcium sulfate dihydrate at 10 °C/min up to 150
°C. The difference between this and Fig. 18 is that the final temperature is 150 °C and
sample was exposed isothermally at 150 °C temperature for 120 min rather than cooling
it to 25 °C. From Fig. 18 we find that below 150 °C there is one DTG peak observed and
at this temperature the weight loss % corresponds with that of the dihydrate to hemihydrate
conversion percentage (loss of water of crystallization of 14.7%). This procedure was
followed with the intention of producing hemihydrate directly from dihydrate. However,
by having an isothermal hold of 120 min at the 150 °C final temperature, it was observed
that the calcium sulfate dihydrate formed anhydrite.

Figure 20. Standard pan TGA data of calcium sulfate dihydrate complete dehydration
seen by having isothermal for 120 min at 150 °C.
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Fig. 21 shows the TGA data of calcium sulfate dihydrate at 10 °C/min up to 150
°C and then having an isothermal hold of 60 min at 25 °C. A DTG peak was seen at 147
°C with a weight loss of 13.9 %. A residual weight of 86.2 % was observed. From the
stoichiometric equation for the conversion of calcium sulfate dihydrate to calcium sulfate
hemihydrate a weight loss of 15.69 % is needed. This sample was not exposed to the
higher temperature for a longer duration of time, whereas in Fig. 20 the sample was
exposed to the higher temperature for a longer duration of time. Also, the water of
hydration lost from the gypsum increased the partial pressure of the water vapor within
the crucible to the degree necessary to halt the dehydration at the end of the first reaction.
The time of exposure is one of the factors affecting the dehydration products of calcium
sulfate dihydrate; therefore, the products are different in these two experiments.

Figure 21. Crimped DSC pan TGA data of calcium sulfate dihydrate heated to 150 °C
with an isothermal hold of 60 min at 25 °C.
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3.4 Rehydration studies using sorption analyzer
To study the partial rehydration of calcium sulfate hemihydrate and anhydrite in
air, humidity experiments were done with a sorption anlayzer, TA Q5000SA, wherein the
sample was subjected to various amounts of humidity at different temperature ranges. In
Fig.22 time is on the X-axis, weight (%) on the left Y- axis, and relative humidity (%) on
right Y- axis.

Figure 22. TGA SA data of calcium sulfate hemihydrate at 85 % RH.
Fig. 22 shows the sorption analyzer data of calcium sulfate hemihydrate at 25 °C.
A small weight gain of 1.1 % was observed with the presence of 85% humidity for 1 hr.
When the sample was exposed for 2 and 24 hrs in similar experimental conditions, it
showed 1.3 % and 2.1% increase as shown in Fig. 23 and Fig. 24, respectively. For
complete rehydration of calcium sulfate hemihydrate to dihydrate, a 15.69% increase in
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weight is required but from these experiments not much increase in weight gain was
observed even by exposing the samples to humidity for a longer duration of time.

Figure 23. TGA SA data of calcium sulfate hemihydrate at 85 % RH for 2 hr.
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Figure 24. TGA-SA data of calcium sulfate hemihydrate at 85 % RH for 24 hr.
Fig. 25 shows the TGA-SA data of anhydrite at 25 °C and 85 % relative humidity.
This showed a weight gain of 0.3%, so calcium sulfate hemihydrate and anhydrite do not
really absorb the available moisture from the air and form the calcium sulfate dihydrate.
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Figure 25. TGA-SA data of calcium sulfate anhydrite at 85 % RH for 2 hr.
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3.5 Macro scale analysis of calcium sulfate
The dehydration of calcium sulfate dihydrate during heating at the macro scale
was studied using a hot air oven. The samples were heated through different temperature
ranges starting from 140 °C to 450 °C and at different times of exposure to study their
weight loss. Initial weight (weight of the sample before heating) and final weight (weight
of the sample after heating) of the samples were noted. The weight loss of the calcium
sulfate dihydrate observed at 140 °C is in agreement with the TGA weight loss of the
sample. At this temperature the oven treated sample shows a weight loss of 18.5 % which
is in line with the weight loss percentage as seen in Fig. 20. The sample was exposed for
about 120 min at this temperature. With further exposure of the sample for another 60 min
at this temperature the sample showed complete dehydration to form anhydrite.
Another set of experiments at 200 °C and 450 °C were performed with calcium
sulfate dihydrate. Calcium sulfate dihydrate lost 20.8 % weight which is in agreement
with the theoretical weight loss involved in calcium sulfate dihydrate to anhydrite
conversion when heated at 200 °C for 120 min. Similar weight loss percentage is observed
at 450 °C within 60 min of exposure.
3.5.1 TGA analysis of oven treated calcium sulfate dihydrate
Oven treated calcium sulfate dihydrate samples were studied using the TA Q5000.
Fig. 26 shows the TGA data of oven treated calcium sulfate dihydrate at 140 °C for three
hours. This experimental procedure is similar to the heat-cool process described
previously. A DTG peak was observed at 120 °C and corresponding weight loss at this
temperature was observed to be 6.6%. This showed a weight change similar to calcium
sulfate dihydrate to hemihydrate with the 25 °C temperature hold. Here the initial DTG
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peak is likely due to surface moisture and is neglected because it does not account for
much weight loss.

Figure 26. TGA data of oven treated calcium sulfate dihydrate at 140 °C for 3 hr.
Fig. 27 shows an overlay TGA data of calcium sulfate dihydrate treated at 450
°C for 1 hour and 24 hours. The TGA procedure was similar to the standard heat-cool
method with a ramp rate of 10 °C/min from room temperature up to 200 °C followed by
an isothermal hold at 25 °C for 120 min. There is not much difference observed in the
weight change percentages between the two. Table 17 Shows the weight gain, weight
loss, and residual percentages of oven treated calcium sulfate at 450 °C for 1 hour and
24 hours. This shows that the samples treated at 450 °C were irreversible anhydrites.
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Figure 27. Overlay TGA data of oven treated calcium sulfate dihydrate.

Table 17. TGA data containing weight gain and residual percentage of oven treated
calcium sulfate dihydrate at 450 °C.
Total weight loss
Weight gain
Sample at 450 °C in Oven
Residue (%)
(%)
(%)
CaSO4•2H2O 1 hr. oven
0.9
0.3
99.4
treated
CaSO4•2H2O 24 hr. oven
0.7
0.2
99.5
treated
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3.6 Microstructure determination of calcium sulfate hydration forms
3.6.1 SEM analysis
Fig. 28 shows an SEM image of calcium sulfate dihydrate. Table 18 shows the
elemental composition of calcium, sulfur and oxygen in wt %. This corresponds with the
theoretical values of the Ca, S, and O in calcium sulfate dihydrate. EDX cannot detect
elements of low atomic weights, so hydrogen cannot be detected.
Fig. 29 shows an SEM image of oven treated calcium sulfate dihydrate at 140 °C
for 1 hour and Table 19 shows the weight percentages of the Ca, S and O. These values
do not correspond with either calcium sulfate dihydrate or calcium sulfate hemihydrate.
This is also shown by XRD experimentation (vide infra). This is likely because the
dehydration process involved in the conversion of calcium sulfate dihydrate to calcium
sulfate hemihydrate has just started.
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Figure 28. SEM image of calcium sulfate dihydrate
Table 18. Percentage of elements in calcium sulfate dihydrate.

Elt.

Line

Intensity
(c/s)

Error
2-sig

Atomic
%

Conc

Units

O

Ka

19.45

1.610

73.17

54.7

wt.%

S

Ka

38.10

2.369

12.93

19.4

wt.%

Ca

Ka

33.86

2.182

13.90

26.0

wt.%

100.00

100.00

wt.%

53

Total

Figure 29.SEM image of oven treated calcium sulfate dihydrate.
Table 19. Percentage of elements in oven treated calcium sulfate dihydrate.
Elt.

Line

Intensity
(c/s)

Error
2-sig

Atomic
%

Conc

Units

O

Ka

12.83

1.341

70.49

51.5

wt.%

S

Ka

74.62

3.304

15.28

22.4

wt.%

Ca

Ka

67.02

3.091

14.24

26.1

wt.%

100.00

100.00

wt.%

54

Total

Fig. 30 Shows the SEM image of the anhydrite and Table 20 shows its elemental
composition. The concentration percentages of the elements
are in accordance with theoretical values.

Figure 30. SEM image of calcium sulfate anhydrite.
Table 20. Percentage of elements in calcium sulfate anhydrite.
Elt.

Line

Intensity
(c/s)

Error
2-sig

Atomic
%

Conc

Units

O
S
Ca

Ka
Ka
Ka

5.80
33.26
28.02

0.928
2.180
1.965

56.61
21.16
22.23
100.00

36.6
27.4
36.0
100.00

wt.%
wt.%
wt.%
wt.%

55

Total

Fig. 31 shows the SEM image of the calcium sulfate hemihydrate and Table 21
shows its elemental composition. The weight percentages of the elements differ, based on
the oxygen concentrations because hydrogen cannot be detected by this instrument. The
concentration percentages of the elements are in accordance with theoretical values.

Figure 31. SEM image of calcium sulfate hemihydrate.

Table 21. Percentage of elements in calcium sulfate hemihydrate.
Elt.

Line

Intensity
(c/s)

Error
2-sig

Atomic
%

Conc

Units

O
S
Ca

Ka
Ka
Ka

29.46
68.27
47.44

2.037
3.172
2.612

71.95
15.17
12.88
100.00

53.5
22.5
24.0
100.00

wt.%
wt.%
wt.%
wt.%

56

Total

Fig. 32 shows the SEM image of the oven treated samples of calcium sulfate
hemihydrate and water slurry after separating the solid from the slurry with vacuum
filtration. The weight percentages are in accordance with the theoretical values for calcium
sulfate dehydrate, and from this we can state that gypsum can be formed in the laboratory
environments by treating calcium sulfate hemihydrate with an appropriate ratio of water
(20:80). Adding additives to this mixture can improve the properties of the gypsum for
wallboard applications.

Figure 32. SEM image of oven treated calcium sulfate hemihydrate-water slurry after
passing through vacuum pump.
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Table 22. Percentage of elements in oven treated calcium sulfate hemihydrate-water
slurry after passing through vaccum pump.
Elt.

Line

Intensity
(c/s)

Error
2-sig

Atomic
%

Conc

Units

O

Ka

10.81

0.862

71.90

53.1

wt.%

S

Ka

23.82

1.342

13.96

20.9

wt.%

Ca

Ka

19.84

1.190

14.14

26.0

wt.%

100.00

100.00

wt.%

Total

3.6.2 XRD analysis
Fig. 33 shows an overlay of the XRD data for all the calcium sulfates studied,
including the oven treated samples. XRD patterns of oven treated calcium sulfate
dihydrate at 140 °C for 60, 120 and 180 min and at 450 °C for 60 min were compared
with standards of calcium sulfate dihydrate, calcium sulfate hemihydrate and anhydrite.
Match software was used for the identification of unknown compounds. It showed that
calcium sulfate dihydrate heated at 140 °C for 60 min had peaks that overlap with both
the calcium sulfate dihydrate and calcium sulfate hemihydrate peaks. This suggests that
calcination process has been just started and it is in the process of conversion from
dihydrate to hemihydrate . The sample heated at 140 °C for 120 min showed some peaks
overlapped with calcium sulfate hemihydrate, but a perfect overlapping of peaks was seen
with the sample heated at 140 °C for 180 min. These results were in accord with the weight
loss data showing the conversion of calcium sulfate dihydrate to calcium sulfate
hemihydrate. A weight loss of about 18% was observed by heating the calcium sulfate
dihydrate in an oven at 140 °C for 180 min, which corresponds with the formation of
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calcium sulfate hemihydrate formation. This is confirmed by the XRD analysis.The peak
positions in the XRD data of oven treated calcium sulfate dihydrate at 450 °C for 60 min
showed a close match to the peaks the anhydrite XRD data. This also corresponds with
weight loss calculations involving the calcium sulfate dihydrate to calcium sulfate
anhydrite conversion in the hot air oven.

Figure 33. X- Ray patterns of hydration forms of calcium sulfate after exposure to
different temperatures and times.
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4. Conclusions
Calcium sulfate dihydrate showed a complete dehydration to form anhydrite in the
temperature range of 140 ˚C to 200 ˚C. This is a function of heating rate, weight of the
sample, and final temperature. Calcium sulfate dihydrate, on rapid heating to 200 ˚C, then
cooling to 25 ˚C with an isothermal hold at 25 ˚C, showed a weight gain from the anhydrite
to the hemihydrate. However, in crimped DSC pans calcium sulfate dihydrate showed no
weight gain in similar experimental conditions. By lowering the terminal temperature to
150 ˚C in crimped DSC pans,then cooling to 25 ˚C with an isothermal hold at 25 ˚C,
calcium sulfate hemihydrate is formed directly from calcium sulfate dihydrate without
complete dehydration.
As the terminal temperature increases there is a decrease in the residual weight
gain percentages, and above 400 ˚C calcium sulfate dihydrate forms the irreversible
anhydrite with no gain in residual weight. Below 400 ˚C the reversible form of anhydrite
results. The sorption analysis showed that calcium sulfate hemihydrate and anhydrite do
not really absorb moisture from the air to form calcium sulfate dihydrate.
From the studies on gypsum slurries, it was observed that calcium sulfate dihydrate
can be prepared from the calcium sulfate hemihydrate by reacting it with water in a 20:80
ratio. Analysis of the powder from these slurries treated in a hot-air oven at different
temperature ranges showed the results in accord with calcium sulfate dihydrate (e.g weight
loss and weight gain percentages in TGA). Slurries treated in a hot-air oven above 400 ˚C
for 1 hr, formed the irreversible form of anhydrite, as shown by SEM and XRD studies. It
was also observed that heating the slurry at 140 ˚C for 3 hr formed calcium sulfate
hemihydrate, as confirmed by TGA, SEM and XRD studies.
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It was observed that calcium sulfate dihydrate undergoes first order reaction kinetics
and the activation energy required for the complete dehydration of calcium sulfate
dihydrate was calculated as 125.5 kJ/mol. In closed crucible conditions (crimped DSC
pans), two different DTG peaks are observed, and the total activation energy required for
the conversion of calcium sulfate dihydrate to anhydrite was 91.6 kJ/mol which is lessthan
in open pan studies. This is likely because of the water vapor pressure, which is higher in
the closed system.

61

5. References
1. Christensen, A. N.; Olesen, M.; Cerenius, Y.; Jensen, T. R. Formation and
transformation of five different phases of CaSO4∙H2O system: crystal structure of the
subhydrate β-CaSO4•½H2O and soluble anhydrite CaSO4. Chem. Mater. 2008, 20,
2124-2132.
2. Kogel, J. E. Industrial Minerals & Rocks: Commodities, Markets, and Uses; SME:
Colarado, 2006; Vol. 7, pp-519-540.
3. Kogel, J. E. Industrial Minerals & Rocks: Commodities, Markets, and Uses; SME:
Colarado, 2006; Vol. 7, pp-1143-1152.
4. Wikepedia.Gypsum.http://en.wikipedia.org/wiki/Gypsum (Accessed on Feb 10,
2015).
5. Ramachandran, V. S.; Paroli, M. R.; Beaudoin, J. J.; Delgado, H. A. Handbook of
Thermal Analysis of Construction Materials; Noyes publications: NY, 2002; Vol. 2,
pp-1-30.
6. Selenite and Alabaster Gypsum. Geology.
http://geology.com/minerals/gypsum.shtml (accessed on March 23, 2014).
7. Groves, A. W. Gypsum and Anhydrite; Overseas Geological Surveys: London, 1958;
pp 108-110.
8. Clifton, J. R. Thermal analysis of calcium sulfate dihydrate and supposed α and β
forms of calcium sulfate from 25 to 500 ° C. J. Res. Natl. Bur. Stands-A. 1972, 78A,
41-49.

62

9. Geoff, T. Thermal properties of gypsum plaster board at high temperatures. Fire
Mater. 2002, 26, 37-45.
10. Yu, Q. L.; Brouwers, H. J. H. Thermal properties and microstructures of gypsum
board and its degradation products- A theoretical and experimental investigation.
Fire Mater. 2012, 36, 575-589.
11. Shenston, W. A.; Cundall, J. T. The influence of temperature on the composition and
solubility of hydrated calcium sulphate and of calcium hydroxide. J. Chem. Soc.
1888, 53, 544-550.
12. Ramachandran, V. S.; Paroli, M. R.; Beaudoin, J. J.; Delgado, H. A. Handbook of
Thermal Analysis of Construction Materials; Noyes publications: NY, 2002; Vol 2;
pp 449-453.
13. Ramachandran, V. S. Applications of differential thermal analysis in cement
chemistry; Chem. Pub: Newyork, 1969; pp-120-130.
14. Melinge, Y.; Lano, C.; Nguyen, K.; Dalguebonne, C.; Guillou, O.; Freslon, S. One
dimensional time study of the dehydration of plasterboards under standard fire
condition (ISO 834): thermos chemical analysis. J. Fire. Sci. 2010, 29, 299-316.
15. Korte A. C. J.; Brouwers, H. J. H.; Hydration modelling of calcium sulphates.
ICCBT. 2008, 39, 433-444.
16. Sultan, M. A.; Roy, P. Gypsum board fall off temperatures in floor assemblies
exposed to standard fires. 11th InterNational fire science & engineering conference,
London, UK. 2007, 979-991.

63

17. Ballirano, P.; Melis, E. Thermal behavior and kinetics of dehydration in air of
basanite, calcium sulfate hemihydrate (CaSO4•½H2O) from x-ray powder
diffraction. Eur. J. Min. 2009, 21, 985-993.
18. Wakili, G. K.; Hugi, E.; Wullschleger, L.; Frank, T. Gypsum board in fire modeling
and experimental validation. Fire. Sci. 2007, 25, 267-282.
19. Bakhtiary, S. B.; Jafarpoor, F. Building and housing. Asian. J. Civil.Eng. 2000, 2, 167.
20. Deutsch, Y.; Nathan, Y.; Sarig, S. Thermogravimetric evaluation of the kinetics of
the gypsum-hemihydrate-soluble anhydrite transitions. J. Therm. Anal. 1994, 42,
159-174.
21. Hannay, J. B. Examination of Substances by the Time Method. J. Chem. Soc. 1877,
32, 381-395.
22. Partridge, E. P.; White, A. H. The solubility of calcium sulphate from 0° to 200°C. J.
Am. Chem. Soc.1929, 51, 360-370.
23. Kontogeorgos, D. A.; Founti, M. A. Gypsum board dehydration kinetics at
autogenous water vapour partial pressure. Therm. Acta. 2012, 545, 141-147.
24. Strydom, C. A.; Hudsonlamb, D. L.; Potgieter, J. H.; Dagg, E. The thermal
dehydration of synthetic gypsum. Therm. Acta. 1995, 270, 631-638.
25. Ballirano, P.; Melis, E. Thermal behavior and kinetics of dehydration in air of
basanite, calcium sulfate hemihydrate (CaSO4•½H2O) from x-ray powder
diffraction. Eur. J. Min. 2009, 21, 985-993.
26. Ball, M. C.; Norwood, L. S. Studies in the calcium sulfate water. Part I kinetics of
dehydration of calcium sulfate dihydrate. J. Chem. Soc. 1969, 10, 1633-1637.
64

27. Benichou, N., Sultan, M. The thermal properties of lightweight framed construction
components at elevated temperatures. Fire and Materials. 2005, 29,165-179.
28. Linck, G., Jung, H. Concerning the dehydration and rehydration of gypsum. Z.
Anorg. Allgem. Chem. 1924, 142, 407-417.
29. Hulett, G. A., Allen, L. E. The solubility of gypsum. J. Am. Chem. Soc. 1902, 24,
667-669.
30. Melcher, A. C. The solubility of silver chloride barium sulphate, and calcium
sulphate at high temperatures. J. Am. Chem. Soc. 1908, 32, 50-66.
31. Cavazzi, A. The solubility, supersaturation and setting of gypsum. L’Industria
Chimica. 1904, 6, 366-368.
32. Freyer, D.; Voigt, W. Crystallization and phase stability of CaSO4 and CaSO4 based
salts. Monatsch chem. 2003, 134, 693-719.
33. Yu, L.; Brouwers, J. H. Thermal properties and microstructure of gypsum board and
its dehydration products: A theoretical and experimental investigation. Fire mater.
2012, 36, 575-589.
34. ASTM E1641-07. Standard test method for decomposition kinetics by
thermogravimetry. ASTM InterNational: West Conshohocken, P. A, 2001.
35. Shepel, S. V.; Wakili, G. K.; Hugi, E. Vapor convection in gypsum plasterboard
exposed to fire: numerical simulation and validation. J. Fire. Sci. 2010, 57, 911-935.
36. Gypsum plaster systems.Multigips.
http://www.multigips.com/xd/public/content/index.html?pid=557 (accessed on March 24,
2014)

65

37. Beceiro, J. L.; Fernandez, C. G.; Saavedra, J. T.; Barrereiro, S. G.; Artiaga, R. Study
of gypsum by PDSC. J. Therm. Anal. Cal. 2012, 109, 1177-1183.
38. Borrachero, M. V.; Paya, J.; Bonilla, M.; Monzo, J. The use of Thermogravimetric
analysis technique for the characterization of construction materials-The gypsum
case. J. Therm. Anal. Cal. 2008, 91, 503-509.
39. Hannay, J. B. Examination of Substances by the time method. J. Chem. Soc. 1877,
32, 381-395.
40. Shenston, W. A.; Cundall, J. T. The influence of temperature on the composition and
solubility of hydrated calcium sulphate and of calcium hydroxide. J. Chem. Soc.
1888, 53, 544-550.
41. Mehaffey, J. R.; Carisse, G. A. A model for predicting heat transfer through gypsum
board wood stud walls exposed to fire. Fire mater, 1994, 18, 297-305.
42. Lou, W.; Guan, B.; Wu, Z. Dehydration behavior of FGD gypsum by simultaneous
TG and DSC analysis. J. Therm. Anal. Cal. 2011, 104, 661-669.

66

